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1. ABSTRACT 

The u l t r a t h i n  s i l i c o n  so la r  c e l l  has progressed t o  where i t  i s  a serious 
candidate f o r  f u tu re  l i g h t  weight o r  rad ia t i on  to le ran t  spacecraft. This re- 
p o r t  describes progress a t  the Hughes A i r c r a f t  Compacy i n  using an u l t rason ic  
seam welder t o  bond interconnects t o  these ce l l s .  This work i s  one o f  three con- 

current c e l l  welding pro jec ts  under sponsorship o f  NASA/JPL. 
The u l t rason ic  method o f  producing welds was found t o  be sat is factory .  

These u l t r a t h i n  c e l l s  could be handled without breakage i n  a semi-automated 
welding machine. 
ra tes  s u f f i c i e n t l y  la rge  t o  support spacecraft array assembly needs. 
comparative purposes, t h i s  p ro jec t  a lso welded a va r ie t y  o f  c e l l s  w i t h  th i ck -  
nesses up t o  0.23 mn as wel l  as the 0.07 mn u l t r a t h i n  ce l l s .  

There was no e l e c t r i c a l  degradation i n  any ce l l s .  The mechanical p u l l  
strength o f  welds on the th i ck  c e l l s  was excel lent  when using a large welding 
force. The mechanical strength o f  welds on t h i n  c e l l s  was less since only  a 
small welding force could be used wi thout  cracking these c e l l s .  
the strength of welds on t h i n  c e l l s  appears adequate f o r  array appl icat ion.  
The a b i l i t y  o f  such welds t o  survive mult iyear, near Earth o r b i t  thermal 
cycles needs t o  be demonstrated. 

This i s  a prototype o f  a machine capable o f  production 
For 

Even so, 
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2. I NTRODUCT I ON 

U1 t r a t h i  n s i  1 i con so la r  c e l l  s have been i n development by NASA-OAST 

This 

during the past  few years as p a r t  o f  a proqram t o  meet fu tu re  requirements 

for  la rge  area, very l i g h t  weight so la r  arrays f o r  space operation. 
development has been d i rected by the J e t  Propulsion Laboratory (JPL) o f  the 
Ca l i f o rn ia  I n s t i t u t e  o f  Technology, under Contract Number NAS7-100, 
sponsored by the National Aeronautics and Space Administration. 
thousand o f  these u l t r a t h i n  (0.05 t o  0.10 mn) c e l l s  have been fabr ica ted  by 
three so la r  c e l l  manufactures on p i l o t  p lan t  l i n e s  t o  demonstrate the 
f e a s i b i l i t y  o f  making these c e l l s  i n  la rge  scale production. Demonstration 

o f  methods f o r  e l e c t r i c a l l y  interconnecting these c e l l s  i n t o  \.-;able so lar  
array assemblies now i s  i n  progress. The work described i n  t h i s  repo r t  i s  
p a r t  o f  t h i s  demonstration, having been performed by Hughes A i r c r a f t  

Company (Hughes) under sponsorship by JPL t o  assess the f e a s i b i l i t y  o f  using 
u l t rason ic  welding t o  make these interconnections. 

. ”  

A few 

Welding o f  so lar  c e l l  interconnects has received increasing a t ten t i on  

during the past few years. Welding has purported advantages over soldering 
f o r  arrays where weight saving i s  c r i t i c a l  o r  f o r  arrays subjected t o  
unusual temperature extremes. Several European constructed so la r  arrays 
have used welding. The Helias mission f o r  explor ing the Sun, the Canadian 
Technology S a t e l l i t e ,  the Space Telescope and I n t e l s a t  V are examples o f  
important spacecraft use o f  welded so lar  c e l l  interconnects, Major so lar  
array fabr ica tors  i n  the United States, on the other hand, have continued 

using soldering t o  at tach interconnects. Soldering i s  a re l iab le ,  
established process t h a t  has served wel l  f o r  past arrays. 
increasing power and l i f e t i m e  requirements, welding can be advantagous. 
5everal U . S . so la r  array manufactures, i n c l  udi ng Hughes, are now i nves- 
t i g a t i n g  welded interconnects. The f e a s i b i l i t y  o f  welding f o r  s i l i c o n  
so la r  c e l l s  o f  conventional thicknesses has been established. 

o f  welding t o  u l t r a t h i n  c e l l s  has y e t  t o  be placed on a so l  d f co t i ng .  

Welding processes need t o  be optimized t o  produce bonds o f  aaequate 

e l e c t r i c a l  and mechanical i n t e g r i t y  without damaging the f r a g i l e  c e l l s ,  

However, w i t h  

The f e a s i b i l i t y  
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The l i m i t s  o f  weld parameters useful for  producing acceptable welds need 

t o  be defined so t h a t  i n  the fu tu re  appropriate q u a l i t y  assurance steps 

can be defined. 

During the past 10 years, Hughes has experimented w i th  three methods 
o f  welding interconnects: p a r a l l e l  gap, u l t rasonic ,  and laser  welding. Of 
these, u l t rason ic  welding has appeared t o  hold the best promise o f  a rap id  
technique t h a t  1s r e l a t i v e l y  insens i t i ve  t o  the var iables t h a t  might 

reasonably be expected t o  occur when working w i t h  the large number o f  c e l l s  
and interconnects required f o r  large spacecraft. Several thousand so lar  
c e l l s  have now been welded a t  Hughes on an assembly machine t h a t  i s  a 
development model f o r  a production machine. Figure 2.0-1 shows an example 
of a so lar  panel having welded so la r  c e l l  interconnects assembled on t h i s  
welding machine. 
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3. TECHNICAL DISCUSSION 

3.1 REQUIREMENTS 

The objective of this program has been to demonstrate a consistent, 
controlled and reliable method o f  welding intercmnects to ultrathin 
(0.07 m thick) silicon solar cells. This welding must satisfy the quality 
and reliability requirements associated with space flight hardware and be 
adaptable to processing the large number of cells required for future 
spacecraft. 

All welds have been made using the Hughes Ultrasonic Seam Welding 
Machine. This machine had been used on a previous technology program to 
weld successfully 7000 silicon solar cells that were 0.25 mn thick. The 
machine controls not only the welding conditions but also the precision of 
placement of the interconnects on the cells. The use of this machine has 
been a major factor in conducting the present program. Start'ng with cells 
0.20 mn thick, then progressing to thinner and thinner cells, the machine 
was modified as required to obtain mechanically and electrically effective 
welds of the interconnr:ts to the ultrathin cells. Machine characteristics 
investigated included: supporting pad rigidity, power settings, contact 
time, weld head force, and configuration of cell clamping mechanism. In 
anticipation of f u t w e  application o f  this welding to production quantities 
of ultrathin cellsc investigation was made of the tolerence that must be 
maintained on the many weld parameters 'in order to .chieve an acceptably 
reproducible weld strength. 
made by optical examination, by mechanical pull tests, by thermal cycling, 
and by photovol taic measurement. 

Evaluation of the success o f  the welds was 
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3.2 SOLAR CELL WELDING MACHINE 

Over the past several years Hughes has been inves t iga t ing  welding o f  
interconnects t o  so la r  c e l l s .  As work has progressed, the focus has been 
placed on u l t rasonic  welding. Seam welding has been chosen as a simple 
means o f  welding t o  a large number o f  c e l l s .  
o f  adapting seam ul t rasonic  welding t o  fu tu re  mass production, a prototype 
welding machine has been constructed. This machine contro ls  the pr inc ipa l  

welding parameters o f  weld t i p  contact force, o f  dwell t ime on the work 
piece, and o f  the u l t rason ic  power appl ied t o  the weld t i p .  

controls the dimenisonal prec is ion of p lacing interconnects on the f r o n t  
and on the back o f  so lar  c e l l s ,  and the resu l tan t  c e l l  t o  c e l l  spacing. 

Several thousand so lar  c e l l s  o f  0.25 mm thickness previously have been 
welded s a t i s f a c t o r i l y  on t h i s  prototype machine. With i t s  present 

manually operated contro l  console t h i s  machine can weld up t o  200 2x6 cm 
(o r  600 2x2 cm) c e l l s  a day. A microprocessor contro l  u n i t  soon w i l l  be 

subst i tuted f o r  the manually operated console, and the production r a t e  
i s  expected t o  increase t o  a t  l e a s t  800 2x6 cm c e l l s  per day. 

To invest igate the s u i t a b i l i t y  

It also 

The prototype machine i s  representative o f  a p r a c t i c a l  production 
conf igurat ion.  It has been used extensively on a previous program where 
i t  demonstrated sa t is fac to ry  welding on s i l i c o n  so la ,  c e l l s  o f  conventional 
thickness. Thus, t h i s  prototype welder has been a good t e s t  bed f o r  ir ivest- 
i g a t i n g  the f e a s i b i l i t y  o f  welding u l t r a t h i n  so la r  c e l l s  a t  acceptable 
production rates. The p r i n c i p l e  weld parameters can be varied a t  w i l l  
over a wide range and then be se t  and maintained w i t h  prec is ion t o  araJ 
spec i f i c  value w i t h i n  t h i s  range. Furthermore, the various c e l l  t rans fer  
mechanisms and cel! alignment surfaces are s imi la r  t o  those t h a t  would 
e x i s t  on a production machine. The use o f  these mechanisms on the u l t r a -  
t h i n  so lar  c e l l s  provides meaniy fu l  experience f o r  p red ic t ing  handling 

problems t h a t  might a r i s e  i n  fu tu re  production s i tuat ions.  A s i g n i f i c a n t  
p a r t  of the present inves t iga t ion  therefore has been d i rected toward 
determining those modif icat ions required t o  the prototype machine t o  permit 
i t  t o  weld the u l t r a t h i n  c e l l s  wi thout damage dur ing welding o r  dur ing 

t ransfer  operation. For t h i s  reason the prototype machine i s  described 
here i n  deta i  1. 



The heart  o f  t h i s  welding machine i s  a ro tat ing,  wheel-shaped welding 
t i p .  This wheel i s  ro tated along the interconnect and so la r  c e l l  as i n -  
d icated schematically i n  Figure 3.2-1. The resu l tan t  weld between the i n t e r -  

connect and so lar  c e l l  thus i s  a continuous seam across the f u l l  width of the 
so lar  c e l l .  
t r o l l e d  so the wheel i s  i n  r o l l i n g  contact w i th  the interconnect. There i s  nn 
s l i d i n g  mGtion between the wheel and interconnect i n  the d i r e c t i o n  o f  wheel 
t rans lat ion.  Ui t rasonic energy i s  generated a t  the power supply and converted 
t o  a mechanical resonance by a transducer brazed t o  the end o f  the weld lmrp. 
This weld horn ampl i f ies  and transmits t h i s  v ib ra t ion  t o  the center of the weld 
wheel. The welding wheel then resonantes a t  the input  frequency (50,000 H I .  

The welding wheel transmits t h i s  energy i n t o  the interconnect and c e l l  sur- 
faces r e s u l t i n g  i n  a weld junct ion.  The e n t i r e  transducer, horn7, and wheel 

r o t a t e  w i t h i n  a bearing housing t o  produce the r o l l i n g  motion o f  the weld wheel. 
During welding the c e l l  i s  supported on a r i g i d  steel  anv i l .  Small vacuum 
por ts  e x i s t  i n  t h i s  a n v i l  under the so lar  c e l l  so t h a t  the c e l l  i s  he16 i n  place 
by the atmospheric pressure d i f f e r e n t i a l  across the c e l l .  The coi’rect a1 ignment 
o f  the c e l l  w i t h  respect t o  the path o f  the weld wheel i s  maintained by a hor- 
izonta l  clamp which presses on one edge o f  the c e l l  fo rc ing  the opposite edge 
o f  the c e l l  against a f i x e d  alignment step on the anv i l .  The alignment o f  the 
interconnect i s  maintained by holding the interconnect firmly along i t s  outer 
edge w i t h  a p a i r  o f  clamping jaws. A photograph 06 a welding s t a t i o n  i s  shown 
i n  Figure 3.2-2, 

The weld parameters o f  contact force, wheel speed, and u l t rasor i ic  znergy 
were var ied systematical ly during t h i s  program t o  determine an optimum set  o f  
conditions. The optimum condit ions were found t o  l i e  ~ 0 1 1  w i t h i n  the large 
range o f  power, force, and speed t h a t  can be achieved on t h i s  machine. Withiri 
t h i s  range any value can be selected and maintained wi th  prec is ion from one 
weld t o  the next. The weld clamping force ( the force pressing the wheel against 
the interconnect dur ing welding) ,-3n be varied over the range from 1 t 7  10 

newtons. The wheel t rans la t io r  i t y  i s  var iab le from 0.3 t o  1.5 cm/sec. 

Thr ro ta t iona l  r a t e  and t rans la t ion  speed o f  the wheel are con- 
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The u l t rason ic  energy i s  var iab le from a value t h a t  i s  essent ia l l y  zero t o  a 
value tha t  i s  large enough t o  crack s i l i c o n  ce l l s .  The energy used on any 

pa r t i cu la r  weld i s  se t  by the appropriate contro l  knob on the power supply 
f o r  the transducer. Quant i ta t i ve  contro l  over the magnitude o f  t h i s  energy 
i s  maintained by monitoring the AC voltage and AC current  of the e l e c t r i c a l  
power being generated by the power supply. 
displayed continously on an osci l loscope as Lissajous patterns. To se lec t  

a spec i f i c  operating power, the pcwer supply cont ro l  knob i s  adjusted t o  
produce a predetermined value o f  voltage w i t h i n  the racge o f  10 t o  20 v o l t s  
peak t o  peak. The power supply i s  from Sonobond Corporation (West Chester, 
PA 19380), model MS 5010-100, operating a t  a n m i n a l  frequency o f  50,000 H,, 

modified t o  include phase locked continuous tuning. The transducer coupler 

i s  a matching Sonoband WS 1050 (Sonobond Un i t  Drawing No. SB 20843, Rev. B). 
I t  i s  a magnetostr ict ive type composed o f  laminated n icke l  cobal t  s t r i p s  and 

an e l e c t r i c a l  c o i l .  

This voltage and current  i s  

It i s  mechanically rugged and e l e c t r i c a l l y  stable. 

Two o f  these weld s tat ions,  one f o r  f r o n t  contacts and one f o r  back 

contacts, are included w i t h i n  the prototype machine. As such, the weld 
parameters can be optimized separately f o r  f r o n t  and f o r  back contacts, i f  
required. 
mechanical transfer mechanisms for t rans fer ing  c e l l s  and interconnects 
automatical ly and reproducibly so as t o  maintain c l m e  geometrical 

alignment a t  a high production rate. 

These two weld s ta t ions  are posit ioned along w i th  the appropriate 

An overa l l  view o f  the prototype welding machine i s  shown photo- 
graphica1:y i n  Figure 3.2-3 and schematically i n  Figure 3.2-4. 
o f  operation i s  i n i t i a t e d  by placing c e l l s  f r o n t  side down on the i n i t i a t o r  
tray ( A )  (Figure 3.2-4). 
cm c e l l s  i n t o  s lo t s  on the transfer a r m  (B). The edges o f  these s l o t s  have 
been prec is ion machined t o  provide the f i r s t  alignment contro l  on the ce l l s .  
The operator i n  Figure 3.2-3 has j u s t  performed t h i s  task. 
opens a valve t o  ac t i va te  the vacuum hold down of the c e l l s  on t rans fer  arm ( B ) .  
Another switch act ivates t rans fer  arm (6) so tha t  i t  ro ta tes  abouk ax is  (C), 
thus placing +l,c c e l l s  on a n v i l  ( D )  f r o n t  side up. 

The sequence 

The operator then s l ides  one 2x6 cm cel l  or three 2x2 

Next the operator 
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Figure 3.2-6 shows this transfer arm near the beginning of i t s  rotation. 
the cel ls  have been placed on anvil (D), the vacuum on the transfer arm ( B )  i s  
released while vacuum i s  applied to the back of the cel ls  to hold them on the 
a n v i l  ( D ) .  The transfer arm ( B )  then is rotated back to i ts  start ing position 
next to  the ini t ia tor  t ray  ( A ) .  
the edge of the cell , assuring t h a t  the opposite edge of the cell i s  i n  contact 
w i t h  the alignment step on the anvil as shown i n  Figure 3.2-1. This alignment 
step i s  adjacent t o  the negative contact bar on the top of the cel ls .  The position 
of the contact bar (the region to  be welded) thus is reproducibly aligned each 
time w i t h  respect to  the welding machine. Figure 3.2-6 
solar cel ls  i n  this aligned position on the weld anvil. 
photograph is i n  i t s  normal resting position to  the l e f t  of the anvil where i t  
i s  o u t  of the way so as not t o  interfere w i t h  the cell transfer. ?he small tii- 
ameter cjlinder i n  the foreground of the solar cel ls  i s  the pneumatically oper- 
ated drive for the horizontal clamp. 

negative contact bar on the solar cells.  
uncut sheet of silver foil  that  has been photochemically etched to  have an ap- 
propriate pattern of holes or s lots  t o  provide easy compliance i n  an inplane 
direction. T h i s  uncut fo i l  rests on the interconnect tray ( E )  located behind 
the weld anvil (D)  i n  Figure 3.2-4. A sheet of s i lver  mesh on the t ray  is  vis- 
ible i n  the photograph of Figure 3.2-5. The interconnect placemeet operation 
s tar ts  w i t h  the movement of a cam t h a t  advances the sheet of si lver f o i l  a pre- 
cise distance toward the solar cel l .  
the end of the tray. The edge of this  protruding f o i l  is gripped by a mechan- 
ical jaw (G), then the shear blade (H) (Figure 3.2-4) descends and cuts an 
interconnect from the fo i l .  The length of this  cut interconnect i s  determined 
by the distance the foil was moved i n  the tray by the cam. This distance i s  
precisely the same for each succeeding interconnect cut. After the foil  has 
been cut, the mechanical jaw rotates 180 degrees about i t s  axis, thereby trans- 
fering the interconnect from the edge of the tray t o  placement on the N contact 
of the solar cel l .  The in i t ia l  p a i t i o n  of this jaw as i t  grips the uncut end 
of foil s t i l l  on the tray i s  shown i n  the upper center portion of Figure 3.2-6. 

After 

A t  the same time a horizontal  clamp moves against 

shows three 2x2 cm 
The weld wheel i n  this 

The next series of operations lead to  placing the interconnect over the 
The interconnect is aerived from an 

The silver foil  thus protrudes beyond 
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The pos i t i on  o f  t h i s  jaw a f t e r  i t  has ro ta ted  t o  place the interconnect onto 
the so lar  c e l l s  i s  depicted i n  Figure 3.2-2, j u s t  behind the so la r  c e l l s .  
Since a l l  o f  these motions are cont ro l led  precisely, the interconnect i s  
posit ioned on the N contact i n  an exact and repeatable manner. 
t h i s  pos i t i on  by the  jaw throughout the subsequent welding operation. 

It i s  held i n  

The next ser ies o f  operations produce the weld between the interconnect 

and the so la r  c e l l  f ron t  contact bar. To s t a r t  t h i s  operation, the welding 
t o o l  moves from l e f t  t o  r i g h t  ( s t a r t i n g  from the pos i t ion  shown i n  Figure 
3.2-6). 
the weld t i p  wel l  above the c e l l  and interconnect. A f te r  reaching beyond 
the r i g h t  side o f  the so la r  c e l l ,  the too l  drops down, then s t a r t s  t rave l i ng  
back toward the l e f t .  
r e s t  3n the c e l l s  wh i le  u l t rason ic  energy i s  d i rected t o  the weld t i p .  This 
produces the welding ac t ion  between the interconnect and the so la r  c e l l .  Thi- 
welding phase i s  depicted i n  Figure 3.2-2. The welding t o o l  i s  mounted on 
the end o f  a counterbalanced p i vo t i ng  arm which maintains alignment o f  the 
too l  wh i le  a l lowing the t o o l  t o  r a i s e  o r  lower against g rav i t y .  The force 
pressing the weld t i p  against the interconnect i s  establ ished by weights 

placed on top o f  the bearing housing f o r  the r o t a t i n g  transducers. I n  
Figure 3.2-6, four  such weights are v i s i b l e  i n  the lower l e f t  po r t i on  o f  the 

photograph. During the t rave l  o f  t h i s  welding phase, a series o f  cams 
l i f t  the weld too l  away from contact w i t h  the interconnect as the weld 
t i p  approaches an edge o f  a c e l l .  
were allowed t o  be i n  contact w i th  the edge o f  a c e l l ,  i t  would ch ip  a small 
section o f  the c e l l  a t  t h a t  locat ion.  A f te r  the weld too l  has f i n i shed  i t s  
le f tward motion and thereby f i n i shed  the weld, the interconnect j a w  i s  

backward t o  i t s  i n i t i a l  pos i t i on  next t o  the 
s t ime the weld s t a t i o n  i s  s i m i l a r  i n  appearance 
2-6 except the interconnect i s  now permanently 

During t h i s  d i r e c t i o n  o f  motion, the too l  r ides  on a cam which keeps 

During t h i s  le f tward  motion the wheel i s  allowed t o  

I f  the u l t r a s o n i c a l l y  ac t i ve  weld t i p  

,.eleased and then ro ta ted  
interconnect tray. A t  t h  
t o  t h a t  shown i n  Figure 3 
bonded t o  the so lar  c e l l s  

A t  t h i s  stage o f  the operation, the next sequence o f  steps can branch 
along e i t h e r  one o f  two paths. On one path, the c e l l s  w i t h  interconnects 
are transfered by means o f  t rans fer  arm (I) from weld s ta t i on  (D) t o  weld 

s ta t i on  (K) (Figure 3.2-4). 
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Alignment i s  maintained by t h i s  t rans fer  arm so t h a t  the c e l l s  are placed 

onto s t a t i o n  (K)  i n  exact ly  the cor rec t  location. I n  the l a t t e r  pos i t i on  
they would then precede threcgh a ser ies of steps tha t  would connect them i n  
series t o  preceeding c e l l s  by welding the other pa r t  o f  the interconnect t o  
the back o f  the immediately preceeding e l l s .  This would be the path taken 

i f  the c e l l s  already had a coverglass before s t a r t i n g  welding (w i th  the cover 
being undersize t o  keep the f r o n t  contact exposed f o r  welding) o r  i f  the 

covers were not  t o  be put  on the c e l l s  u n t i l  a f te r  a l l  welding was completed. 

The a l te rna te  path would remove the c e l l s  from the welding machine 
by hand a f t e r  the f r o n t  contact had been made. They then would have covers 
bonded t o  the f r o n t  w i t h  s i l i c o n e  adhesive. After cure o f  the adhesive the 
c e l l s  would be placed onto weld a n v i l  (K )  by hand. To achieve a precise 
locaticjn o f  the c e l l s  on a n v i l  (K) w i t h  t h i s  hand operation, a small a l ign-  
ment frame i s  added t o  the a n v i l  so t h a t  t k e  c e l l s  f i t  p r w i s e l y  w i t h i n  
pockets. Once the c e l l s  are on the anv i l ,  they then are jo ined i n  ser ies t o  
preceding c e l l s  by welding the outer p a r t  o f  the interconnect t o  the back 
o f  the immediate 

Tne welding 
pos i t i on  on anvi 

y preceding c e l l .  

operation t o  the back o f  a c e l l  s t a r t s  w i t h  the c e l l  i n  
(K), w i t h  the f r o n t  side o f  the so lar  c e l l  r es t i ng  on the 

anv i l  surface. 
bar contact o f  t h i s  c e l l  ( c e l l  A), extends over the back o f  the preceding 

ce;? ( c e l l  B),  as shown i n  Figure 3.2-7. Before the welding operation s ta r t s ,  
a clamp i s  lowered over the outer edge of t h i s  interconnect, thereby keeping 
the interconnect from c e l l  A firmly held against the back o f  c e l l  B. 
Welding then i s  performed t o  the back o f  c e l l  B along the dashed l i n e  i n -  

dicated i n  Figure 3.2-8. This welding operation i s  i den t i ca l  t o  tha t  de- 
scribed f o r  the f r o n t  contact weld. A f t e r  the back weld i s  completed, the 
interconnect and c e l l  hold down clamp moves backward i n  unison w i t h  the 
walking beam u n t i l  c e l l  A i s  moved t o  the pos i t i on  previously occupied by 
c e l l  B and c e l l  B advances t o  the pos i t i on  previously occupied by c e l l  C. 
The clamp then i s  released, and the clamp and walking beam re tu rn  t o  t h e i r  
i n i t i a l  pos i t ion.  

The interconnect, which has already been bonded t o  the f r o n t  
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The stage i s  thus se t  for a new c e l l  t o  be placed un a n v i l  (K) i n  preparation 

o f  repeating the e n t i r e  welding sequence. 
and over, a long s t r i n g  o f  series connected so lar  c e l l s  i s  formed. 

t rans la t i on  distance o f  thci walking beam and clamp i s  adjusted toachieve a 
precise c e l l  t o  c e l l  spacing. Figure 3.2-8 shows a photograph o f  t h i s  weld 
s t a t i o n  w i t h  three ser ies s t r i ngs  o f  2x2 cm solar  c e l l s  l y i n g  along the 

walking beam. The clamp i s  i n  the ra ised pos i t ion.  The welding too l  i s  t o  
the r i g h t  o f  the anv i l .  Figure 3.2-3 shows a photograph o f  t h i s  same weld 
s t a t i m ,  excepc here the clamp i s  i n  the down pos i t i on  and the welding t o o l  
i s  moving across the interconnect formirlg a weld. 

By repeating t h i s  process over 

The 

I n  summary, the c e l l s  are welded i n t o  series connected s t r i ngs  by f i r s t  
having one edge o f  a f o i l  interconnect welded t o  the f r o n t  contact o f  a c e l l  
and then having the other edge o f  the interconnect welded t o  the back o f  the 
preceding c e l l .  

an examination has been made o f  the forces imposed on the c e l l s  by welding 
and a lso the forces imposed by the t rans fer  and alignment mechanisms. This 
i s  described i n  Section 3.4. 

For adapting t h i s  machine t o  hcndle u l t r a t h i n  so la r  ce l l s ,  
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3.3 TEST COMPONENTS 

3.3.1 Snlar Cel ls  

The welding optini izat ion phase o f  t h i s  program was conducted on c e l l s  
o f  various thickness, s t a r t i n g  w i t h  c e l l s  0.2C mm th i ck  and workin5 d w n  t o  
the u l t r a t h i n  (0.07 mn) c e l l s .  The l o t  o f  u l t r a t h i n  c e l l s  was furnished b j  
JPL. These c e l l s  had been manufactured by Spectrolab. The other c e l l s  were 
purchased from Applied Solar Energy Corporation (ASEC). These l a t e r  c e l l s  

were procured i n  three l o t s  having nominal thickness o f  0.20 mn, 0.15 mn, 
and 0.10 rmn, respectively. The charac ter is t i cs  o f  a l l  four  l o t s  of c e l l s  
are sumnarized i n  Tahle 3.3-1. A l l  four  l o t s  o f  c e l l s  had bar type f ron t  
contacts f o r  r-ximum compatabi l i ty w i t h  seam welding. The u l t r a t h i n  c e l l s  

as wel l  as the th ickes t  l o t  of the ASEC supplied c e l l s  had a back surfacc 
f i e l d  made by the aluminum paste process and therefore were r e l a t i v e l y  
rough. The other two l o t s  o f  ASEC c e l l s  had a buck surface f i e l d  produced 
wi.:h a boron process and were smooth. The overa l l  s i l i c o n  surface f i n i s h  
on the two th ickes t  l o t s  were smooth. The s i l i c o n  surface f i n i s h  on the 
two thinnest l o t s  was dimpled (w i th  dimple d iamete :~  up t o  0.4 mn) as a 
r e s u l t  o f  the type o f  chemical e tch ing used tu make these c e l l s  th in .  The 

fronts o f  the four  types o f  c e l l s  are shown photographical ly i n  Figure 
3.3-1. The backs o f  these four  c e l l s  are shown pk tographica l ly  i n  Figure 
3.3-2. The back surfaces o f  the two c e l l s  o f  intermediate thickness i n  
Figure 3.3-2 appear dark as an a r t i f a c t  o f  the photographic l i o h t i n g .  These 
surfaces are smooth and ref lec,  l i g h t  specu:arly. This same l i g h t i n g  a r t i f a c t  
tends t o  emphasize the preserlce o f  small scratches on the s i l v e r  surface pro- 
duced when the c e l l s  were placed i n  a f i x t u r e  t o  measure t h e i r  pho twor ta i c  
response. The th ines t  and th ickes t  c e l l s  have a m a t  f i n i s h  on t h e i r  !lack 
surface so tha t  l i g h t  i s  re f lected i n  a p a r t i a l l y  d i f f u s e  manner. 
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' PARAMETER 

MECHANICAL 
CELL DIMENSIONS 
0 THICKNESS 

AVE. (nun) 
-2s (mn) 
+2s (mn) 

0 WIDTH (mn) 
0 LENGTH (mm) 

EDGE F I N I S H  

SACK FIELD 

BACK REFLECTOR 
CONTACT THICKNESS 

N BAR WIDTH (nun) 

ELECTRILHL 
II_- 

(AVt . .  AT 28OC. 
'AMO ILLUMINATION) 
MORT CIRCUIT 

CURRFNT P,T VOLTAGE 

OPEN CURCUIT 

CURRENT, I sc (mA) 

OF 475 mV, (mA) 

VOLTAGE, V,, (mV ) 

- MANUFACTURER 

A 

0.078 
0.064 
0.090 

20.0 
20.0 
LASER & 

BRWK 
ALUMINUM 

PASTE 
ALUM I NUM 

3-6 
1.0 

150 

139 

584 

SPL 

CELL TYPE 
B 

0.121 
0.100 
0.144 

20.0 
20.0 

SAW & 
E'lEAK 

r 
0.179 
0.158 
0.201 

20.0 
20.0 

SAW & 
BREAK 

1 0.212 
~ 0.212 
I 

I 
~ 0.231 

20.0 
20.0 

I 

SAW & 
BREAK 

EORON BORON 1 ALUMINUM 
DIFF. 1 DIFF. I PASTE 

ALUMINUM 1 ALUMINUM I ALUMINUM 
I 

3-7 
0.6 

156 

144 

593 

ASEC 

--_- - 

3-7 
0.6 

158 

144 

586 

ASEC 

3-7 
0 .6  

165 

156 

604 

ASEC 

Table 3.3-1 Solar Cell Types 
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3.3.2 hterconnects  

The pt- incipal  interconnect conf igurat ion used dur ing t h i s  welding 
inves t iga t ion  was a diamond mesh pa t te rn  etched frail photographical 1) 
masked 0.025 nnt t h i ck  f o i l s  o f  pure s i l ve r .  During the ea r l y  p a r t  of rhe 

i nves t iga t ion  another type o f  f o i l  interconnect conf igurat ion a lso was 

used, t h a t  having an S shaped s l o t  etched i n t o  the center section, with a 
mesh along one edge and a row o f  small tabs along the other edge. This 

a l te rna te  interconnect a lso was etched f rom 0.025 mn th i ck  s i l v e r  f o i l s .  
These interconnects were chosen because they are simi 1 a r  t o  soldered 
interconnects already used on f l i g h t  hardware. They thus had a h i s t o r y  o f  
use tha t  provides background confidence. The mesh pat te rn  dimensions are 
de ta i led  i n  Figure 3.3-3. The dimensions o f  the tabs on the second type o f  

interconnect are de ta i led  i n  Figure 3.3-4. Ei ther  type o f  pa t te rn  welded 

Sa t i s fac to r i l y  t o  the t h i c k  Cel ls  where a large welding force could be appl ied 
wi thout damaging the ce l l s .  For t h l n  cells, which could to le ra te  only a 
l i m i t e d  force appl icat ion,  the mesh pa t te rn  provided a stronger weld. For the 

l a t t e r  p a r t  o f  the program the mesh patterned interconnect was used exclusiv-  
e ly.  

Two other types o f  interconnect f o i l  mater ia ls had been considered a t  
the s t a r t  o f  the program: 
f o i l .  The f i r s t  o f  these would be s l i g h t l y  l i g h t e r  i n  weight as w e l l  as 
s l i g h t l y  easier t o  weld. There would a lso be s l i g h t l y  lower stress bu i ld -  
up under thermal cycl ing.  The Invar f o i l  would be advantagous f o r  lower 
thermal expansion mismatch between the interconnect and sc la r  c ~ l l .  However, 
a t  the s t a r t  of t h i s  program ne i ther  o f  these l a t t e r  twa mater ia ls were 
read i l y  avai lab le i n  the small quant i t ies  required f c r  t h e i r  t imely  inc lus ion  

i n  t h i s  program. As the program progressed, the 0.025 mn th i ck  s i l v e r  mesh 
proved sat is factory ,  and therefore the a1 ternate mater ia ls were not  pursued 
fur ther .  

s i l v e r  f o i l  0.015 mn th i ck  and s i ? v e r  p la ted Invar 
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D E T A I L  

OF A 

0.75 

0.13 

Dimensions are i n  millimeters. 

FiSure 3.3-3 Mesh Style 
Interconnect f o r  3 Cells i n  Parallel 
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A 

0.13 

DETATL 
OF F. 

Dimensions are in m i  1 1  imeters. 

Figure 3.3-4 Inplane Flexture Style 
Interconnect for 3 Cells in Parallel. 
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3.3.3 Covers 

Glass covers appropriate f o r  the u l t r a t h i n  so lar  c e l l s  a lso were 
provided by JPL. These were made as an experimental l o t  by Opt ical  
Coating Laboratories, Incorporated (OCLI). They were 0.050 mn t h i ck  
(+0.020 mn, - 0.010 mn a t  2 u l i m i t s ) .  they were fabr icated from Corning 
7940 fused s i l i c a  by chemically etching them t o  f i n a l  thickness. 

was rough, g iv ing  a frosted appearance. Because these were experimental 
covers, there was no u l t r a v i o l e t  b locking nor v i s i b l e  a n t i r e f l e c t i v e  coating 
on t h e i r  surfaces. Thus, the covers were not o f  a f l i g h t  representat ive 
configuration but  were supplied as mechanical samples t h a t  could be used 
t o  invest igate covering processes tha t  would be sui  tab le  f o r  u l t r a t h i n  covers 
on u l t r a t h i n  c e l l s .  

The surface 
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3.4 MACHINE MODIFICATIONS 

The i n i t i a l  p a r t  o f  the program i w e s t i g a t e d  the a b i l i t y  o f  the mechanisms 
of the machine t o  t ransport  and a l i g n  the u l t r a t h i n  so lar  c e l l s  wi thout darn- 
age. E a r l i e r  work had already demonstrated t h a t  c e l l s  o f  conventional th ick -  

ness would no t  be damaged. 
apparent t h a t  the welding machine would requi re modif icat ions t o  accommodate 

the u l t r a t h i n  c e l l s  

I n  the present program, however, i t  soon became 

The f r a g i l i t y  o f  the u l t r a t h i n  so lar  c e l l s  was f i r s t  not iced even before 
they were placed onto the welding machine. These c e l l s  had ar r i ved  i n  v e r t i -  
c a l l y  s l o t t e d  Styrofoam t rays s i m i l a r  t o  those used f o r  c e l l s  o f  convent imal 

thickness. 
p l a s t i c  tweezers t o  g r i p  the c e l l .  With c e l l s  o f  conventional thickness, the 
c e l l s  can be removed o r  replaced i n t o  the s l o t s  wi thout damage. 
o f  a conventional c e l l  snags by being acc identa l ly  i,npressed i n t o  the so f t  
foam material,  the force required t o  attempt t o  move the c e l l  against t h i s  
obstacle i s  r e a d i l y  f e l t  long b e f r r e  the force becomes large enough t o  break 
the c e l l .  Corrective action, therefore, can be taken by the operator 's hand 
t o  avoid damage t o  the c e l l .  
a s i m i l a r  snag can eas i l y  lead t o  breaking a ch ip from the corner o f  the 
c e l l  a t  a force so low as t o  be near ly imperceptible t o  the hand. Further- 
more, i t  appears t h a t  such snags occur more r e a d i l y  w i t h  the u l t r a t h i n  c e l l s ,  
presumably because the t h i n  edge can penetrate i n t o  the s o f t  foam more read- 
i l y  than a th ick,  b l u n t  edge. 

Removal o f  c e l l s  from such trays normally i s  done by hand using 

I f  a corner 

With the u l t r a t h i n  c e l l s ,  on tt ie other hand, 

During fu tu re  programs, avoidance o f  t h i s  handling induced br2akage 
can be achieved by two means. F i r s t ,  as the operators'  experience w i t h  
these c e l l s  increases, a s e n s i t i v i t y  t o  handling them w i l l  be developed, 
thereby reducing breakage. 
handled dur ing the present program, operator sk i1  1 increased w i t h  experience 
and there was a marked decrease i n  breakage as the Drogran progressed. 
other f a c t o r  t h a t  cauld reduce breqkage i n  the fu tu re  would be t c  cse a 
d i f f e r c u t  configuration o f  t r a y  for  shipping and storaqe. 

use o f  t rays fabricated frmembdssed, s o l i d  sheets 01 p l a s t i c  f i ! m  would 
el iminate the chance o f  a corner snagging since the sheet p l a s t i c  would be 

too firm t o  permit ready penetrat ion by the so iar  c e l l s .  Furthermore, by 

For example, even w i th  the r e l a t i v e l y  few c e l l s  

The 

For example, the 
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having the c e l l s  l y i n g  f l a t  w i t h i n  shallow depressions ra ther  than placed 
v e r t i c a l l y  i n  narrow s lo ts ,  the c e l l s  could be removed r e a d i l y  w i th  a rubber 

t ipped vacuum too l  ra ther  than with p l a s t i c  tweezers. The vacuum penci l  i s  
q u i t e  gentle, and breakage could become n i l .  

The movement of the u l t r a t h i n  c e l l s  by the t ransfer  mechanisms of the 
modified welding machine proved t o  be less damaging than manual t ransferr ing,  
presumably because the machine movements could be made w i t h  great precis ion.  

To accomnodate the u l t r a t h i n  c e l l s  wi thout breakage, the vacuum hold down 
por ts  on the t ransfer  mechanisms were reduced i n  s ize  and the p a r t i a l  pressure 
o f  the vacuum system was modified. These changes permitted the u l t r a t h i n  
c e l l s  t o  be transferred w i t h  a g r i p  s u f f i c i e n t  t o  maintain close tolerance 
contro l  on the pos i t ion  o f  the c e l l ,  y e t  not  so forceful  as t o  
break the ce l l s .  
indicated i n  F’gure 3.24, was i n i t i a l l y  o f  concern. 
a lso was el iminated by providing proper contro l  o f  the pressure i n  the vacuum 

system. 

The t rans fer  o f  c e l l s  fo l lowing the P contact weld, as 
However, breakage here 

The only p a r t  o f  the welding machine tha t  presented any continuing 
problem was the hor izontal  clamp on the N contact welding s tat ion.  The 
funct ion o f  t h i s  clamp i s  t o  hold the c e l l  against the loca t ing  l i p ,  as i n d i -  
cated i n  F 
c e l l  , then 
control  l e d  
ness, t h i s  

gure 3.2-1. During normal operation, t h i s  clamp moves toward the 
away from the c e l l  a t  the appropriate times. 
by a set  o f  cams and springs. With c e l l s  o f  conventional th ick -  
mechanism works wel l  wi thout damaging the c e l l s .  With u l t r a t h i n  

This motion i s  

ce l l s ,  however, the automat ical ly appl ied force i s  so great as t o  cause the 
c e l l s  t o  buckle. While the buckled c e l l s  d i d  not a c t u a l l y  break, i t  seemed 
prudent t o  el iminate t h i s  buckling. 
o f  the tension on the spr ing and using a manually cont ro l led overr ide o f  
the cam system. 

c e l l s  welded on the present program. 
ce l ls ,  the cam mechanism w i l l  be modif ied t o  apply the hor izonta l  force more 
gent ly y e t  i n  an automatic manner. 

This was accomplished by releasing p a r t  

This manual operat.ion was adequate f o r  the quant i ty  o f  
For fu tu re  mass production on u l t r a t h i n  
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The overa l l  conclusion i n  working w i t h  the u l t r a t h i n  c e l l s  on the automated 
welding machine i s  tha t  the c e l l s  could be handled s a t i s f a c t o r i l y  under mass 
production conditions. 
preceding paragraphs, the machine was able t o  handle the u l t r a t h i n  c e l l s  
rou t ine ly  wi thout cracking. 
c u l t y  producing welds on the th i ck  c e l l s  t h a t  were every b i t  as strong as 
those tha t  had been produced previously on the unmodified machine. Thus, 
the machine i n  i t s  f ina l  modif ied fom could be used on e i t h e r  t h i n  or t h i ck  
ce l l s .  There was no need t o  reconfigure the machine each time d c e l l  o f  
d i f f e r e n t  thickness was inser ted i n t o  the machine. 

Upon completing the modif icat ions indicated i n  the 

Furthermore, the modif ied machine had no d i f f  i -  
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3.5 WELD TESTS 

The welding tests  conducted on t h i s  program were div ided i n t o  three 
categories: prel iminary tests ,  f a c t o r i a l  matr ix  tests, and sur fac t  t r e a t -  
ment tests.  The prel iminary tes ts  were conducted p r i n c i p a l l y  t o  support 

the machine modi f icat ion task. However, the data thus generated a lso pro- 
vided information on the appropriate range o f  welding perameters t h a t  should 
be used and on the conf igurat ion f o r  the interconnect. The f a c t o r i a l  matr ix 

tests  provided the major i t y  o f  data used t o  determine the optimum condit ions 
of weld force, weld energy and weld speed t o  be used f o r  the various th ick -  
nesses of ce l l s .  The surface treatment tes ts  invest igated whether o r  not  
the weld strength could be increased by modifying c e l l  contact o r  i n t e r -  
connect surface f i n i s h  before s t a r t i n g  the welding operation. 

3.5.1 Prel iminary Tests 

The p r e l  iminary tes ts  demonstrated tha t  the welding parameters o f  weld 
energy, weld force, and weld speed found previously t o  be important f o r  the 
machine before i t  was modif ied were also the important parmeters for the 
machine a f t e r  modif icat ion.  Thus, we were able t o  use much o f  our previous 
welding experience as a foundation f o r  t h i s  u l t r a t h i n  c e l l  program. 

prrase so t h a t  i t  could handle sequent ia l ly  c e l l s  o f  a l l  thickness without 
the need t o  reconfigure the machine each time t o  f i t  separate thicknesses. 
This modi f icat ion prepared the way f o r  the subsequent f a c t o r i a l  matr ix  tes ts  
wherein i t  was possible t o  compare resu l ts  o f  varying weld force, speed, and 
energy wi thout compromising these comparisons w i t h  the in t roduc t ion  of other 
machine conf igurat ion changes. 

The u l t r a t h i n  so lar  c e l l s  received from JPL had a s l i g h t  curvature, the 
f ront  s ide being convex, the back side concave. 
a r e s u l t  of the manner i n  which the c e l l s  are manufactured. The thermal pro- 

cessing t o  put  the P+ l ayer  on the back o f  the c e l l  and then the subsequent 
process of pu t t ing  a s i l v e r  layer  over t h i s  introduces a s t ress which f lexes 
the th in  c e l l s  s l i g h t l y .  This curvature caused no problem w i t h  welding o f  
interconnects. The t h i n  c e l l  were s u f f i c i e n t l y  f l e x i b l e  t o  conform t o  the 
holding f i x tu res  and the a n v i l s  o f  the welding machine and the curvature d i d  

not  i n t e r f e r e  i n  any way with the welding process. 

As ind icated previously, the machine was modif ied during t h i s  prel iminary 

This curvature apparently i s  
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The prel iminary tes ts  also were used t o  se lec t  the i n t e r c o w e c t  con- 
f igurat ion.  The mesh pat tern depicted i n  Figure 3.3-3 was chosen a f t e r  i t  

demcnstrated a more consistent p u l l  strength when welded a t  the i i g h t  weld 
forces required f o r  the u l t r s t h i n  c e l l s .  Each weld bond was 0.18 mm long, 
formed a t  45 degree:.across each strarld o f  mesh. When welds were attempted 
a t  a s i m i l a r  l i g h t  force on the wider (0.50 mmj tabs o f  Figure 3.3-4 the bonds 
were strong along tne edges o f  the tab but  weak i n  the center. 
reasorl, the mesh type c m f i g u r a t i o n  was chosen f o r  exclusive use i n  the sub- 
sequent matr ix  tests.  

For t h i s  

3.5.2 Matr ix  Tests 

The welding matr ix  tes ts  were conducted t o  cover economically a m u l t i -  
tude o f  weld var iables ill a s t a t i s t i c a l l y  s i g n i f i c a n t  manner. From previous 
experience i t  was known t h a t  welding t o  the f r o n t  contact general ly i s  more 
d i f f i c u l t  than welding t o  the back contact. i o r  t h i s  reason, the f r o n t  con- 

tac ts  were welded i n  the matr ix  tests.  
The form crf matr ix  used was a f u l l  4 x 2 x 2 x 2 format covering c e l l  

thickness (4), weld speed ( 2 ) ,  weld energy (2 )  and weld force (2) .  Four 

separate matrices were used w i t h  overlapping values o f  the variables. 
The values o f  the variables were chosen near the optimum valuss based on the 
previous prel iminary tests.  An example o f  one o f  these matrices i s  depicted 
i n  Table 3.5-1. 
sequence o f  the welds. 

the matr ix  so t h a t  the resu l ts  achieved would no t  be biased by any learning 
fac to r  tha t  could have occurred as the welding proceeded. Three c e l l s  were 
welded f o r  each o f  the 32 matr ix fsc to r  combinations. 

The range o f  var iables included i n  the  four  f a c t o r i a l  matr ices are 
summarized i n  Table 3.5.2. The welds ,sde w i t h  t h i s  se t  o f  matr ices were 
evaluated w i t h  microscopic examination, w i t h  measurement o f  t h e i r  photovol ta ic 
power response, and w i t h  mechanical p u l l  tests.  Within Matr ix  I ,  mechanically 
strong bonds were obtained on a l l  ce l l s ,  and there was no measurable degradation 
i n  the photovol ta ic response. 
some of the u l t r a t h i n  c e l l s  had f ine  cracks near a por t ion  o f  t h e i r  welded 
areas, as indicated schematically i n  Figure 3.5-1. A t  t h i s  t ime i t  kas sus- 
pected tha t  these cracks were caused by the u l t rason ic  energy (transducer 

voltage) b e i r g  too high. To confirm t h i s  suspician, Matr ix  I 1  was run a t  

The numerclls w i t h i n  each matr ix  box represent the time order 

This wquence was chosen as a means o f  randomizing 

However, microscopic examination revealed tha t  
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even higher energy leve ls  i n  order t o  exaggerate such an e f fec t .  
prodr!ced wi th t h i s  matr ix  were s i m i l a r  t o  those o f  Matr ix  i :  
bonding on a l l  c e l l s ,  no measurable e l e c t r i c a l  degradation, bu t  a feb cracks 
appearing on the u l t r a t h i n  ce l l s .  

greater f o r  Matr ix  I1 than f o r  Matr ix  I .  

s i m i l a r  t o  those o f  Matr ix  I and Matr ix  I: except tha t  the p u l l  strength 

was not  as great, whi le  on the other hand there were fewer cracks 
i n  the u l t r a t h i n  ce l l s .  
only ope u l t r a t h i n  c e l l  developed a crack. 

these l i g h t l y  welded c e l l s  bas not  as great as f o r  the preceeding matrices 

but  was judgea adequat.. for  p r a c t i c a l  appl icat ion on so lar  arrays. 

schedules. 

0.25 mn) ce l l s ,  the success c?f these welds was much less sens i t i ve  tc? var ia t ions 
i n  weld parameters. 

N a t r i x  I 1 1  were gsed on c e l l  backs wi thout producing cracks i n  any o f  the ce?ls,  
including u l t r a t h i n  c e l l s .  
condit ions o f  Matr ix I V  when used for welding t o  the backs o f  c e l l s  a lso d i d  

not produce any cracks. 
somewhat greater then ahen s i m i l a r  weld parameters had been used on the f ron t .  
Welds were made successful ly t o  the back o f  mcovered c e l l s  and a i s o  t o  the 
back of c e l l s  t h a t  had covers o f  0.050 m th ick  fused s i ? i c a  bonded t o  the 
f ront  P ,  the c e l l  w i t h  c lear  s i l i c o n e  adhesive. 

The welds 
good inechanica! 

The number of cracks, however, was no 

Matr ix  I 1 1  was run w i t h  less weld energy and force. The r e s u l t s  were 

Matr ix  I V  was ru!i w i t h  less force. With t h i s  r ra t r ix  

The mechanical p u l l  strength of 

Welds also were made t o  the back of ce l l s ,  again using a var ie ty  o f  weld 

As ant ic ipated from our previous experience w i t h  t h i c k  (0.20 t o  

Welding parameters s i m i l a r  t o  those o f  Matr ix  I and 

These welds were a l l  mechanically strong. The wela 

The mechanical strength o f  t h s e  l a t t e r  welds was 

3.5.3 Surface F in ish 

A l l  o f  the weld tests  described previously were performed w i t h  c e l l s  and 

interconnects having surfaces tha t  wpre essent ia l l y  i n  the condi t ion as re-  
ce i ied  from the manufactures. 
c e l l s  before welding was t o  clean them w i t h  isopropyl alcohol t o  remove a l i g h t  

f i l m  o f  o i l  tha t  had contaminated some o f  the ce l l s .  The s i l v e r  interconnect 
mesh was not  given any preweld treatriient, merely used as i t  was received from 
the supp!ier. The use of unmodified surfaces f o r  most o f  the uelding tests  
arose from the desire to  have the resu l tan t  ve ld  process be su i tab le  f o r  fu tu re  

appl icat ion where a large quant i ty  o f  c e l l s  would be handled i n  a mass:.production. 

The only t reatnent t h a t  had been given t o  these 
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inarrner. 
these untreated surfaces. 

the u l t r a t h i n  c e l l s  t o  avoid forming cracks, the welds oil these untreated s w -  
faces werz not  as mecr,wical ly strong as was possible w i t h  heavy welding force. 
I n  an e f f o r t  t o  detem.ir,- i f  stronger welds could b? produced, the contact 

surface of some c e l l s  ,,ere modif ied betore weldicg. One such modi f icat ion was 
t o  rub the contact surface wi th  a few l i g h t  strokes using a soft,  p ink rubber 
eraser (Parapink No. 701 1, Faber Caste1 1 ) . 
cleaned and prodwed f i n e  scratches. 
was s i n i l a r  except t h a t  a q l d S S  f i b e r  brush was used instead o f  a rubber eraser. 
A matr ix o f  weld tes ts  was 
i n  Table 3.5-3. The resu l ts  indicated tha t  both the rubber eraser and the 
glass brush treatments l e d  t o  welds t h a t  were s l i g h t l y  stronget- than were 
achieved w i th  the untreated swface. 
we?d force can be used without damage, welding so la r  c e l l s  i n  t h e i r  simple un- 

t reated fcrm would be economical and adequate. 
the optimum weld scnedule woyld include a i i g h t  brushing o f  the contact areas 
wi th a glass f i b e r  brush before forming the weld. 
prefered over the rubber erasure because brushincj needs only a n e g l i g i b l e  force 
on the c e l l .  
brushing i t  w i t h  a glass f i b e r  brush i s  neg1igib;e. 
operation could be automated ;eadily, subs t i tu t ing  a ro ta t ing ,  c i r c u l a r  brush 
for the hand held penci l  type brush used i n  t h i s  project .  

As indicated i n  s x t i o n  3.5.2, s a t i s f i  ’ry welds were obtained w i t h  

However, w i th  the ligt,, welding force required f o r  

This treatment s i n u l  taneous?y 
The other surface modif icat ion treatment 

run using a l l  combinations o f  the var iables shown 

Thus, f o r  t h i c k  c e l l s ,  where a heavy 

For the u l t r a t h i r !  ce l l s ,  

The glass brush would be 

The r i s k  o f  cracking a we l l  supported u l t r a t h i n  c e l l  whi le  
Furthermore, the brushing 

3.5.4 Thermal Shock 

The a b i l i t y  o f  these welded c e l l s  t o  survive thermal excursion was invest-  
Cel ls  w i th  

A dwell time of 10 minutes was used a t  each temperature extreme. 

igated by subject ing sGitie of them t o  both high and low temperathre. 
interconnects welded on the N contact were cycled between - 196OC ana + 150% 
f o r  10 cycles. 
A f t e r  cycl iny,  the c e l l s  were examined microscopical ly and w i th  mechanical p u l l  
tests  o f  the weld bond. 

from these temperature excursion tests .  
There was no evidence o f  any degradation r e s u l t i n g  

3.5.5 Test Results 

The several tests  performed on evaluating the welding of these so lar  

c e l l s  provide an overview on the p r a c t i c a l i t y  of using u l t rason ic  welding. 
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CELL TYPES 

CONTACT TYFES 

SURFACE TREATMENT 

WELD SPEED 

ULTRASONIC 
EXCITATION 

CLAMP 1 NC 

TYPE A, 
TYPE 6 

iR(iNT, 

BACK 

AS RECEIVED, 
RCBBER ERASER 
GLASS BRUSH 

0.8 cm/sec, 
1.3 cm/scc 

12.5 V G l t S  

15.0 volts 

260 grams 

360 grams 

Table 3.5-3 Test Matr ix  Elements f o r  Invest igat ing 

Surface Treatment Effects 
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The c r i t i c a l  step i n  forming a series in te rconnectd  s t r i n g  o f  c e l i s  i s  making 
the weld to  the Fi contact. 
obtaining the optimum condi t ions f o r  fcrtning t h i s  weld. 
s t r i n g  of so lar  c g l l s  i s  depicted schematically i n  Figure 3.5-2. 

omnendeti assembly steps f o r  fcr-ming t h i s  s t r i n g  are presented i n  Figure 3.5-3. 
An example o f  an interconnect sa t is fac to ry  Sonde3 t o  an u l t r a t h i r .  so lar  

c e l l  i s  shown i n  Figure 3.5.4. The interconnect has been placed i n  correct  
spat ia? alignment over the iJ ccntact  by the automated t ranz fer  mechanism of 
the welding machine. 
and interconnect i n  t h i s  correct  alignment throughout the e n t i r e  v ib ra to ry  
per iod i n  which the sezm was being fcrmed. 'The s e m  welder passed sequent ia l ly  
ower almost a l ?  strairds o f  the mesh along a l i n e  riinnina up the mid-width o f  
the 1.0 mn wide N contact bar. The only strands nDt welded are a few a t  the 
s t a r t  and f i n i s h  o f  t h i s  seain l i n e  wnere the welding wheel was l i f t e d  above the 
ce l?  by the cam mechanism so tha t  the u l t rason ica l l y  ac t i ve  wheel t ~ o u l d  not 
touch the edges o f  the c e l l .  

A second representat ive ~ 1 d e 4  N contact i s  shown i n  Figure 3.5-5. The 
only d i f ference from t h a t  o f  the preceeding Figure i s  i n  the pos i t i on  o f  the 

cut  edge o f  the mesh r e l a t i v e  t o  the in te rsec t ion  nodes o f  the mesh. 
va r ia t i on  i n  mesh edge shape hsd no measurable e f fec t  on the q u a l i t y  o f  the 
weld. The pos i t ion  o f  the weld l i n e  w i th  respect t o  the center l i n e  o f  the 
so lar  c e l l  N contact remained ccnstant f rom c e l l  t o  c e l l .  The strenqth o f  
the weld d i d  not depend rneasurahly on whethe? the welds went along the  mesh nodes 
o r  along the ind iv idua l  strands between nodes. 
along the mesh nodes i s  shown i n  Figure 3 - 5 4 .  

them wi th  a Unitek Model 6-092-03 cont ro l led  r z t e  tens i l e  machine using a 

C h a t i l l i o n  force gage w i th  1 kg f u l l  scale (0.01 kg leas t  d i v i s ion ) .  The 
t rave l  r a t e  o f  tho force head was 1.6 mn/sec. 
(sect ion 3.5.1) several d i f fe ren t  conf igurat ions o f  p u l l  tabs were invest-  
igated, inc lud ing some especia l ly  formed tab shapes. 

was a simple 3.0 nun wide s t r i p  of standard interconnect mesh. 
pull tabs, welds were made t o  the N contact using noma1 19 m wide mesh 
as shown i n  Figure 3.5-4. Aftkr welding the centra l  12 t o  15 mn por t ion  
of t h i s  mesh, the mesh was cut  i n t o  4 t o  5 s t r i p s  as indicated i n  Figure 3.5-7. 

For  t l l i s  reason mest o f  the tes t ing  focused on 

The rec- 
A representatibe 

Furthermore, the clamping mechacisms have held both c e l l  

This 

4n example o f  the welds running 

The mechanical streiigths o f  the held bonds were tested by p u l l i n g  

During the prel iminary tes ts  

The chosen conf igurat ion 
To obtain these 
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3.6 COVERING 
While the major emphasis o f  t h i s  p ro jec t  has 

optimum means o f  welding interconnects t o  u l t r a t h  
small p a r t  o f  the e f f o r t  a lso was d i rected toward 
covers t o  these c e l l s .  The coveys fabr icated by 

dur 

the 

the 

been on determining 
n s i l i c o n  so la r  ce l  

bonding u l t r a t h i n  g 

CLI and supplied t o  

the 

s, a 
ass 
t h i s  

pro ject  by JPL, were 0.050 m t h i c k  with a rouqh etched surface. They were 

formed o f  Corninq 7940 fused s i l i c a  and were without ccatings. Handling these 
pieces o f  glass w i t h  p l a s t i c  tweezers o r  vacuum penci ls  proved no m r e  d i f f i c u l t  

than handling the u l t r a t h i n  so lar  c e l l s .  A f t e r  a l i t t l e  practice, handling 
could be accomplished without breakage. 

These covers were appl ied t o  so lar  c e l l s  using Dow Corning 93-500 

c lear  s i l i c o n e  adhesive i n  a manner similat t o  tha t  used f o r  th icker  
glass. A drop of the f resh ly  mixed DC 93-500 and hardener was placed on a 
cover, and the cove,. then placed over the f r o n t  side of the so lar  c e l l .  A 
sirtiple alignment f i x tu re ,  consist ing o f  a few pins a t  the edges o f  the cover 
and c e l l  act ing i n  concert wi th a small weight used t o  press the cover close 
t o  ths c e l l  , was used t o  maintain the cover i n  proper loca t ion  over the c e l l  

ng the cur ing period of the adhesive. 

u l t r a t h i n  ce l l s :  
u l t r a t h i n  solar ce l ls ,  and removing the excess adhesive from the com- 

Only two problems were encountered i n  bonding the u l t r a t h i n  covers t o  
accomodating the s l i g h t  curvature t h a t  was t y p i c a l  of 

p leted cover t o  c e l l  laminate a f t e r  the adhesive was cured. 
the ul t . rathin c e l l s  has been described i n  section 3.5.1 of t h i s  report .  
u l t r a t h i n  covers were not curved. Glhen the covers were placed on the c e l l s  
using the alignment f i x tu res  avai lable for t h i s  program, the convex curvature of 

the f ron t  o f  the c e l l s  tended t o  remain. 
e r  d t  the edges o f  the c e l l s  than a t  the center. 

alignment f i x t r r r e  that would place a greater force between cover and cell  so 
as t o  press the c e l l  f l a t  against a supporting anv i l  during the period o f  ad- 
hesive cure would el iminate t h i s  ef fect  i n  the futub-e. Fo r  the present pro- 
ject ,  however, t h i s  curvature e f f e c t  lrias not deemed important enocgh t o  
warrant m o d i f y i q  the alignment f i x t u r e  a t  t h i s  time. The s l i g h t  curvature 
remaining i n  the covered c e l l s  d-id not have an adverse e f f e c t  on subsequent 

welding of interconnects t o  tw backs of covered ce l l s .  

The curvature o f  
The 

Thus, the cured adhesive was th ick -  
Undoubtedly, a modified 
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The other problem w i t h  the covering process, t h a t  o f  cleaning up ad- 
hesive a f t e r  the  adhesive was cured, was more d i f f i c u l t .  

f r esh l y  mixed, s t i l l  l i q u i d  DC 93-500 s i l i c o n e  t o  the covers, i t  i s  i m -  
por tant  t h a t  the quant i t y  be s u f f i c i e n t l y  la rge  t o  eventual ly spread t o  the 
edges o f  the cover. Unless the adhesive f u l l y  f i l l s  the space between cover 

and c e l l ,  the edge o f  t he  u l t r a t h i n  cover w i l l  be unsupported and thereby be 
more susceptible t o  breakage. 
i t  would be d i f f i c u l t  t o  maintain close to le rarce  on the amount o f  adhesive 
applied t o  each. 
f i c i e n t  t o  reach the  edges o f  the cover, i t  i s  necessary t o  add a s l i g h t  ex- 
cess o f  adhesive. 
f o r  present f l i g h t  arrays. The excess l i q u i d  adhesive i s  extruded beyond 
the edges o f  the cover and i s  removed a f t e r  i t  hardens. For today's t yp i ca l  
f l i g h t  type covers which are th ick,  have a smooth surface, and are coated 
w i t h  magnesium f luor ide ,  t h i s  cleaning o f  the excess cured adhesive from the 
edges and face o f  the covers i s  on ly  a minor problem. The cured adhesive 

does not  bond we l l  t o  the  smooth magnesium f l u o r i d e  surface and so can be 
removed by r e l a t i v e l y  l i g h t  rubbing o f  the surface. For the rough, uncoated 
u l t r a t h i n  covers, however, the adhesive bonds s t rongly  t o  the clean s i l i c a  

surface. A la rge  force i s  requi red t o  remove the cured adhesive, a force so 
la rge  t h a t  the r e l a t i v e l y  f r a g i l e  edges of the u l t r a t h i n  cover break. 

Sincr the s i g n i f i c a n t  problem w i th  the u l t r a t h i n  covers was t h a t  they 
had been eceived w i th  no coating on the glass t h a t  would serve as a low 
adhesion pa r t  ng surface, we looked f o r  a mater ia l  t h a t  we could apply 
eas i l y  t o  one side and thereby serve as t h i s  pa r t i ng  agent. A f t e r  t r y i n g  
several mater als, a simple coating o f  commercially ava i lab le  f i n g e r n a i l  

po l i sh  proved t o  be prac t ica l .  
cover without contaminating the  other side. 
i t  was simple t o  inspect fur  coverage. Once d r ied  the coating d i d  not  
smear. The DC-93-500 d i d  not  s t i c k  t o  the coating. The coating was eas i l y  
removed w i t h  methyethylketone (MEK) wi thout  leaving a residue. While the 
hand app l ica t ion  of t h i s  mater ia l  t o  covers was too tedious t o  consider 
for future mass handling o f  f l i g h t  quant i t ies  o f  covers, i t  was no problem 
for the few covers needed for  the present program. For fu tu re  f l i g h t  
covers, an outer coating o f  magnesium f luor ide  o r  other mater ia l  would be 
appropri ate. 

I n  applying the 

I n  covering production quan t i t i es  o f  c e l l s ,  

Therefore, i n  ordcr tt assure a supply o f  adhesive suf- 

This i s  done commonly today or: mass covering o f  c e l l s  

I t was easy t o  apply t o  one s ide o f  the 
Since i t  was b r i g h t l y  colored 
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4. CONCLUSIONS 

This p ro jec t  has demonstrated t h a t  u l t rason ic  welding i s  a v iab le  method 
f o r  at taching interconnects t o  u l t r a t h i n  c e l l s .  
machine t h a t  has been design s p e c i f i c a l l y  f o r  welding interconnects t o  so lar  
ce l l s ,  welds were made on u l t r a t h i n  c e l l s  i n  a reprodhcible manner. 

r e p r o d u c i b i l i t y  i s  excel lent, su i tab le  f o r  producing space q u a l i t y  so lar  
arrays. 
out breakage, a t  a welding speed su f f i c ien t  t o  support production rates prac t ica l  
f o r  fabr ica t ing  la rge  arrays. 

The welding o f  interconnects t o  u l t r a t h i n  so lar  c e l l s  requires c loz?r  
tolerance on welding parameters than does the welding o f  t h i c k  c e l l s .  

of welding clamp force and weld head u l t rasonic  energy i s  especia l ly  important. 
This p ro jec t  has demonstrated tha t  the prototype machine can e a s i l y  maintain the 
required precision. The need f o r  t h i s  prec is ion i s  due t o  the f r a g i l i t ,  o f  the 

u l t r a t h i n  c e l l s ,  I f  the dpplied force o r  u l t rason ic  energy i s  too  large, small 
cracks are formed near the welds. 
resu l tan t  weld bond i s  mechanically weak. With conventional, t h i c k  c e l l s  the 
lower l i m i t  r e s t r i c t i o n  i s  s im i la r ;  however, the acceptable upper l i m i t  i s  
much h i  gher . 

onstrate t h a t  adequate machine contro l  i s  present, the contro l  of the tolerance 

on spec i f i c  soia: c e l l  contact conf igurat ion variables may be equal ly important. 
The c e l l s  used i n  thTs pro jec t  a l l  had evaporated s i l v e r  contacts 0.003 t o  0.007 
m th ick.  The back contacts were 
a l l  o f  the Pt type. 
wi th the aluminum paste process; the other two types had the Pt formed w i t h  
boron. 
c e l l s  had smooth back surfaces. Within t h i s  range of variables, t y p i c a l  o f  

production runs made w i th  current c e l l  manufacturing technology, welds were ad- 
equate. 
would provide an ind ica t ion  as t o  whether s i l v e r  thickness could be optimized 
s p e c i f i c a l l y  for  u l t rasonic  welding. 
a l l y  abraded j u s t  before welding t o  provide a : l i g h t  increase i n  surface rougn- 

ness. 

Using a prototype u l t rasonic  

This 

This machine has been modif ied t o  handle the u l t r a t h i n  c e l l s ,  wi th-  

Control 

I f  the force or energy i s  too small , the 

While the welding machine variables were invest igated i n  d e t a i l  t o  dem- 

Both ASEC ana Spectrolab c e l l s  were included. 
Two o f  the four  types o f  c e l l s  studied had t h i s  Pt formed 

The paste process c e l l s  had rough back contact surfaces; the boron Drrrcess 

No c e l l s  were avai lab le w i t h  a th icker  o r  th inner  s i l v e r  layer  t h a t  

Some c e l l s  i n  t h i s  p r o j e c t  were in tent ion-  
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Welds made t o  such roughened surfaces appeared t o  be s l i g h t l y  stronger. The 

deta i led study o f  the optimum degree o f  roughness and o f  the best method f o r  
introducing such roughness on the contacts would be a major undertaking by 
i t s e l f  and therefore was not p a r t  o f  the present pro ject .  

A l l  interconnects used i n  t h i s  p ro jec t  were formed o f  0.025 mm t h i c k  
s i l ver ,  chemically etched t o  su i tab le shape. The shape used f o r  most. welding 

was a simple diamond patterned mesh. This has been used previously by Hughes 
f o r  welding on t h i c k  c e l l s .  
u l t r a t h i n  c e l l s  o f  t h i s  pro ject .  Depending upon the type o f  array substrate 
t o  be used and upon the sever i ty  o f  thermal cycl ing,  the interconnect of the 
fu ture could be e n t i r e l y  o f  t h i s  rnesh conf igurat ion or else have the centra l  
sect ion Formed i n t o  the S-shaped, high compliance conf igurat ion now used on 

Sat is factory  welds were achieved a lso oti the 

many Hughes spacecraft. 
Cel ls were covered w i t h  u l t r a t h i n  s i l i c a  covers using 

adhesive. These covered c e l l s ,  as wel l  as uncovered c e l l s ,  
gether t o  make ser ies connected c e l l  s t r ings.  No serious d 
countered i n  forming these c e l l  s t r ings.  

c lear s i  1 icor,e 
were welded to- 

f f i c u l t y  was en- 
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5. RECOMNENDATIONS 

The work of this project supports the feasibility o f  using u1trath.n solar 
cells for space application. 
should be encouraged. 

. Continue developing for thin cells a manufacturing production 
capability large enough to support spacecraft quanti ties. 

Therefore, continued development of these cells 
Specific recommendations are: 

. Investigate cell contact thickness and surface finish as 
variables to be optimized for welding. 

. Investigate the relative merits of interconnects of solia 
silver compared with silver plated Invar or other materials. 

. Perform long term thermal cycle endurance testc -3 te 
fatigue limits of welds. 

. Develop non-destructive methods for deted,;!ns the SOL riess o f  
welds, including methods that can be used for routine on-array 
inspect ion. 

. Develop methods for repairing damaged solar arrays that can be 
used any time before launch. 
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6. tiEW TECHNOLOGY 

This report does not contain items of zew technology development by 

Hughes Aircraft Company under :his contract. 
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